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ABSTRACT 

Despite the common picture of an early-type dwarf (dE) as a quiescent galaxy with no star formation 
and little gas, we identify 23 dEs that have blue central colors caused by recent or ongoing star 
formation in our sample of 476 Virgo cluster dEs. In addition, 14 objects that were mostly classified 
as (candidate) BCDs have similar properties. Among the certain cluster members, the dEs with blue 
centers reach a fraction of more than 15% of the dE population at brighter (me < 16) magnitudes. 
A spectral analysis of the centers of 16 galaxies reveals in all cases an underlying old population 
that dominates the mass, with M id > 90% for all but one object. Therefore the majority of these 
galaxies will appear like ordinary dEs within ~ one Gigayear or less after the last episode of star 
formation. Their overall gas content is less than that of dwarf irregular galaxies, but higher than that 
of ordinary dEs. Their flattening distribution suggests the shape of a thick disk, similar to what has 
been found for dEs with disk features in Paper I of this series. Their projected spatial distribution 
shows no central clustering, and their distribution with projected local density follows that of irregular 
galaxies, indicative of an unrelaxed population. This is corroborated by their velocity distribution, 
which displays two side peaks characteristic of recent infall. We discuss possible formation mechanisms 
(ram-pressure stripping, tidally induced star formation, harassment) that might be able to explain 
both the disk shape and the central star formation of the dEs with blue centers. 
Subject headings: galaxies: dwarf — galaxies: structure — galaxies: evolution — galaxies: stellar 
content — galaxies: clusters: individual (Virgo) — galaxies: fundamental parame- 
ters 



1. INTRODUCTION 

Early-type dwarf galaxies are the most numerous type 
of galaxy in clusters, suggesting that the vigorous forces 
acting within a cluster environment might actually be 
creating them. At least theoretically, this could come 
about via a morphological transformation of infalling 
galaxies, like e.g. ram-press ure stripping of irregular 
galaxies l|Gunn fc Cottl 11972ft. or so- called harassment 
of late-tvne spirals l|Moore et al.lll996ft . While these sce- 
narios would in principle also be able to explain the fa - 
mous morphology-density relation fe.g. lDresslerl fl980'). 
unambiguous observational proofs are difficult to obtain. 
Early-type dwarfs are characterized by their smooth, reg- 
ular appearance, while any possible progenitor galaxy 
probably displays a different overall structure, before a 
morphological transformation occurs. Moreover, early- 
type dwarfs themselves are not a homogeneous class 
of o bjects. In addition to the classical dwarf ellipti- 
cals, iSandage fc BinggelH <)1984ft introduced the class of 
dwarf SO (dSO) galaxies, which were conjectured to have 
disk components, based on indic ations like high flat- 
tenin g or a bulge-disk-like profile llBinggeli fc Cameron! 
1991). Following up on the discovery of spir al struc- 
ture in an early- type dwarf ijJerien et al.ll2000]) and on 
similar other discoveries, we identified 41 Virgo clus- 
ter ea rly-type dwarfs with disk features in iLisker et al.l 
l)2006t hereafter Paper I), and argued that they consti- 
tute a population of disk-shaped objects. Furthermore, 
nucleated and non-nucleated dwarf ellipt icals show sig- 
nificantly different clustering properties (Binggcli et al. 
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1987 ) and flattening distributi ons l)Rvden fc Terndrucl 



1994HBinggeli fc Popesculll995ft . 

Aside from this structural heter ogeneity, color differ- 
ences have been repor ted as well ijRakos fc Schombertl 
l2004tlLisker et al.l2005ft . hinting at a range of stellar pop- 
ulations in early-type dwarfs. While the classical dwarf 
ellipticals are typically considered not to have recent or 
ongoing sta r formation and no significant ga s or dust 
content f e.g. ICrehell20 7)Tl IConselice et al .120031) . the well 
known Local Group galaxy NGC 205 constitutes a promi- 
nent example for an early-type dwa rf that does exhibit 
central star formation, g as, and dust l|Hodgell973|) . More 
examples are NGC 185 (Hodge 1963) and the apparently 
isolated galaxy IC 22 5 l|Gu et alJ 12006'!. Furthermore, 
IConselice et all l)2003ft report a 15% HI detection rate for 
early-type dwarfs in the Virgo cluster. All these objects 
are morphologically early- type dwarfs, but form a hetero- 
geneous family of objects, which we assign the common 
abbreviation "dE", thereby including galaxies classified 
as dwarf elliptical or as dSO. 

Based on the general idea of gas removal due to ef- 
fects like ram-pressure stripping, numerous observational 
studies have focused on comparing the properties of gas- 
rich dwarf irregular (dlrr) galaxies and gas-poor dEs 
and dwarf spheroidals (dSphs), attempting to confirm 
or reject a po ssible evolutionary relation between them. 
iThuanl l|1985ft found in his study of optical-near-infrared 
colors the metallicity ranges of dlrrs and Virgo dEs to 
be "mutually exclusive". In their spectroscopic analy- 
sis of oxygen abundanc es of planetary neb ulae in Local 
Group dEs and dSphs, iRicher et alJ l|l998ft also found a 
significant offset to the respective abundances of dlrrs. 
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Similarly, iGrebel et alJ ((2003(1 recently showed for the 
Local Group that this metallicity difference exists even 
when considering only the respective old stellar popula- 
tions of dlrrs and dSphs, indicative o f more i ntense star 
formation and enrichment in dSphs. iThuanl l) 19851) and 
Binggeli (1985) also noted that ma ny Virgo dEs are nu- 
cleated, while none of the dlrrs are. iBothun et al.1 l(1986fl 
concluded that Virgo dlrrs would have to fade by ~1.5 
mag in B to fall into the optical-near-infrared color range 
of dEs. However, the bulk of faded dlrrs would then have 
an effective surface brightness /ib,c > 25mag/arcsec 2 , 
substantially lower than the observed values of dEs. 

Despite these counter-arguments, potential dlrr/dE 
"tran sition types" have frequ e ntly been discussed 
(e.g. iFe rguson &: BinggeTil 119941: JJc^msonet^lJ [1993 
IKnezek et all 11999(1 . Recently, Ivan Zee et all ( 2004) 
pointed out the "remarkable commonality" between dEs 
and dlrrs with respect to their surface brightness dis- 
tributions and metallicity- luminosity relations. These 
authors found significant rotation in several bright dEs, 
upon which they base their discussion about the possibil- 
ity that these very dEs m ay have formed via ram -pressure 
stripping of dlrrs. While Ivan Zee et all (j2004H admitted 
that dEs (in Virgo) might actually form through var- 
ious processes, they argued that every dE must have 
been gas-rich and star- forming in the past, and would 
thus inevitably have been classified as dlrr. However, 
these properties also apply to blue compact dwarf (BCD) 
galaxies, which have often been discussed in the litera- 
ture as potential dE progenitors. 

An importan t difference be t ween dlrrs and BCDs was 
highlighted by IBothun et alJ ((1986). who characterized 
dlrrs as an "odd combination of rather blue colors, yet 
quite low surface brightness," indicative of a low sur- 
face mass density. In contrast, BCDs have a much 
higher surface brightness, suggesting a higher surface 
mass density, since they are not bluer than the dlrrs. 
Whether or not BCDs could indeed be the gas-rich, star- 
forming prog enitors of dEs has been discussed contro- 
versially re. g. |B o 1;hun al.|19^|Drinkwat er et all!996t 
iGuzman et al]ll996UPapaderos et alJIl 996(1 A glance at 
the color images 1 of Virgo cluster galaxies that were clas- 
sified as (candidate) BCDs reveals what might be one 
reason for this controversy: these objects do not consti- 
tute a homogeneous class, but they vary strongly in size, 
(ir)regularity, and the fraction of area dominated by blue 
light with respect to the total area of the galaxy. It might 
thus be more promising to simply look for plausible dE 
progenitors among the BCDs, instead of attempting to 
draw conclusio ns about this c l ass as a whole. 

Interestingly. IBothun et all 1)19 86') mentioned that the 
BCDs in their sample look similar to NGC 205. Could 
dEs with central star formation thus bridge the evo- 
lutionary gap from quiescent dEs to p otentially star- 
bursti ng progenitors? To our knowledge, iVigroux et all 
(1984) were the first to identify a central star formation 
region in a dwarf ellipt ical outside the Local Group. Re- 
cently, IGu et all l|2006ll presented a similar dE with on- 
going star formatio n in its center. In Paper I of this series 
((Lisker et aU 12006(1 . we identified nine Virgo early- type 

1 Using the Sloan Digital Sky Survey Image List Tool, 
http://cas.sdss.org/astro/en/tools/chart/list.asp Authors: J. 
\jray, A. tjzalay, VI. INieto-Santisteban, and T. Budavari 



dwarfs with central irregularities likely to be caused by 
dust or gas, and found that all of them have a blue center. 
In the present paper (Paper II), we follow up on these 
objects, and systematically search the Virgo cluster for 
such dEs with blue centers. This is made possible by the 
publicly available data of the Sloan Digital Sky Survey 
(SPS S) Data Release 4 f DR4. lAdelman-McCarthv et alJ 
2006) which covers almost the whole Virgo cluster with 
multiband optical imaging and partly with spectroscopy. 
Our data and sample are described in Sects. and 
respectively. Results from image analysis are presented 
in Sect. 0] followed by the spectral analysis in Sect. 
Section focuses on the gas content of our galaxies. The 
systematic properties of dEs with blue centers are given 
in Sect.0 Their evolutionary role is discussed in Sect. [SI 
followed by a summary and outlook in Sect. El 

2. DATA 

2.1. SDSS imaging 

The SDSS DR4 cove rs all galaxies listed in the Virgo 
Cluster Catalog (VCC, Binggeli et al.ll985() with a decli- 
nation of 6 < 16?25, except for an approximately 2° x 2?5 
area at a « 186?2, S » +5?0. It provides reduced and 
calibrated images taken in the u, g, r, i, and z bands with 
an effective exposure t ime of 54s in each band (see also 
iStoughton etafl 120021 The pixel scale of 07396 corre- 
sponds to a physical size of 30pc when adopting a Virgo 
cluster distance of d = 15.85Mpc . i.e. a distance mo du - 
lus m — M = 31.0 mag (see e.g. iFerrarese et afl feOOOL 
which we use thro ughout. The SDSS imaging camera 
l|Gunn et al.1 1199811 takes data in drift-scanning mode 
nearly simultaneously in the five photometric bands, and 
thus combines very homogeneous multicolor photome- 
try with large area coverage, good resolution, and suffi- 
cient depth to enable a systematic analysis of early-type 
dwarfs. The images have an absolute astrometric accu- 
racy of RMS < 071 per coordinate, and a relative ac- 
curacy between the r band and each of the other bands 
of less than 0.1 pixels ((Pier et al.ll2003(l . They can thus 
easily be aligned using their astrometric calibration and 
need not be registered manually. The RMS of the noise 
per pixel corresponds to a surface brightness of approxi- 
mately 24.2mag/arcsec 2 in the u-band, 24.7 in g, 24.4 in 
r, 23.9 in i, and 22.4 in z. The typical total signal-to-noise 
ratio (S/N) of a bright dE (tob ~ 14) amounts to about 
1000 in the r-band within an aperture radius of approx- 
imately two half-light radii. For a faint dE (tob ~ 18) 
this value is typically about 50. While the S/N in the 
g and i-band is similar to the above value, it is several 
times lower in the z-band and more than ten times lower 
in the u-band. Therefore u and z will not be used in the 
following analysis. 

The SDSS provides photometric measurements for our 
galaxies, but we found these to be incorrect in many cases 
((Lisker et, ai1l2005H . The SDSS photometric pipeline sig- 
nificantly overestimates the local sky flux around the 
Virgo dEs due to their large apparent sizes and low sur- 
face brightness outskirts. This affects the measurement 
of isophotal and Petrosian radii, the profile fits, and sub- 
sequently the calculation of total magnitudes, which can 
be wrong by up to 0.5 mag. Therefore, we use B magni- 
tudes from the VCC throughout the paper, and defer cal- 
culation of total magnitudes from SDSS data to a more 
detailed photometric study of the Virgo dEs. 
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2.2. SDSS spectroscopy 

The centers of several galaxies are also covered by the 
SDSS spectroscopic survey, which provides fiber spectra 
with a wavelength coverage of 3800 - 9200 A and a reso- 
lution of 1800 or larger. The spectra are binned in loga- 
rithmic wavelength, such that the wavelength interval of 
one pixel along the dispersion axis cor responds to a con - 
stant velocity interval of 69 km s _1 ({York et al.l 12000). 
The fiber diameter corresponds to an angular size of 3", 
which translates into 231pc at a distance d = 15.85Mpc. 
Typical half-lig ht radii of the brighter dE s range from 
- 10" to - 25" (jBinggeli fc CamerorjlT99l|) . or from 0.8 
to 1.9 kpc. Therefore, spectral information is only avail- 
able for the very central region of the dEs. 

2.3. Radial velocities 

Heliocentric velocities are available for 198 dEs of 
our sample of 414 dEs from Paper I t hat are listed 

as certain Virgo cluster mem bers in IBinggeli et al.l 

(1985) and IBinggeli et all l)1993|) . Velocities were taken 
from the NASA/IPAC Extragalactic Database (NED), 
originally provided by th e SPS S and by the following: 
studies: IBinggeli et al. (119851): Ide Vaucouleurs et al.l 
(I1991D: iStrauss et alJ " 19921): IBinggeli et all l|199a) : 
Young fc Curriel jll995D: iDrinkwater et all (119961): 
Grogin et all (I1998D: iFalco et al l <ll999t): IGavazzi et all 
(120001): Ivan Driel et alJ (12000ft: iConselice et all \200m 
[ Simien fc Prugniell (120021): iCaldwell et all |2003l) : 
iGeha et al.l l|2003ft : IGavazzi et alJ (|2004l) . 

Four of these galaxies, however, have velocities above 
6000 km s _1 from recent data (SDSS and lConselice et aP 
1200 1|) . Since the velocities of known Virgo cluster mem- 
bers are lower by more than a factor of two, we change the 
membership status of these galaxies (VCC 0401, VCC 
0838, VCC 1111, VCC 1517) to "possible member". This 
leaves us with a subsample of 194 dEs that are certain 
cluster members and for which radial velocity measure- 
ments are available. 

3. SAMPLE 
3.1. Sample selection 

In Paper I of this series, we put together a sample of 
Virgo cluster dEs that comprises all dEs with me < 18.0 
mag that are listed in the VCC, that are covered by the 
SDSS, and th at are certain or poss ible cl uster members 
accord ing to IBinggeli et al.l l)1985[) and IBinggeli et al.l 
(1993) . While objects with uncertainties were initially in- 
cluded, we then excluded all galaxies that appeared to be 
possible dwarf irregulars due to asymmetric shapes. Ob- 
jects classified as "dE/dlrr" were not included. 25 galax- 
ies classified as (candidate) dE in the VCC are not cov- 
ered by the SDSS DR4. The resulting sample comprises 
476 early-type dwa rfs, 410 of which are certain cluster 
members (see Sect. I2.3|l . Note that our magnitude limit 
of tub < 18.0 mag corresponds to the m agnitude up to 
which the VCC was found to be complete (Binggcl i et al.l 
1985). With a distance modulus of m — M = 31.0 mag, 
this translates into Mb < —13.0 mag. 

In this sample, we identified several dEs with irregu- 
lar or clumpy central features likely caused by gas and 
dust (cf. Fig. 6 of Paper I) . By dividing the background- 
subtracted aligned g and i-band images provided by Pa- 
per I, we obtain color maps that are not calibrated, yet 



are useful to look for significant color gradients. Most 
of the objects just described have a central region whose 
color is clearly bluer than that of the r est of the galaxy , 
similar to the dE recently presented bv lGu et alJ {2006). 
Using these color maps, we visually searched all 476 
early-type dwarf galaxies that were presented in Paper 
I for such a blue center. As a complementary check we 
then examined the radial g — i color profiles (Sect. I4.1f> 
of the thus selected galaxies to confirm the presence of a 
clear color gradient. 

23 out of 476 dEs (16/410 certain cluster members) 
entered our working sample of galaxies with blue centers 
(Figs-IUEl andEJ). We shall term these objects "dE(bc)s" 
hereafter. Note that the presence of weak color gradients 
(either negative o r positive) in dEs ha s been reported in 
the literature (e.g. IGavazzi et al1l2005l) . Such objects are 
not the focus of this study; we rather aim at dEs with 
a blue center, i.e. a significant positive gradient. The 
distinction between a weak and a significant gradient 
might appear somewhat arbitrary; however, a detailed 
and quantitative study of color gradients of our full dE 
sample is beyond the scope of this paper and will be pre- 
sented elsewhere. The weakest gradient visually selected 
by us is that of VCC 0308, with a color difference of 0.1 
mag between inner and outer regions (see Fig. 0). 

We point out that the dE(bc)s were morpho- 
logically classified as dwarf ellipticals or dSOs by 
ISandage fc Binggelil (fl984). and were confirmed as early- 
type dwarfs in our Paper I. While iFerrarese et alJ (2006) 
suggest to reclassify four dE(bc)s as dE/dlrr based on 
their blue central colors and irregular isophotal shapes 
in the center, we do not use color as a criterion for mor- 
phological classification. The central irregularities are 
the reason for which they w ere assigned to the class dSO 
( Bing geli fc CamerorJl99lj) , but their overall appearance 
is smooth and regular, as can be seen from the combined 
images (Figs. ^ to El ■ Complementary to these, we show 
isophotal contours of the dE(bc)s in Fig.^](see Sect. l4.lfl . 
There, the central irregularities in several dE(bc)s can be 
seen, which are also revealed by the unsharp mask im- 
ages. Outside of the central region, though, the isophotcs 
are regularly shaped, confirming the early-type dwarf 
morphology of these galaxies. 

Our preselection of dEs relies on the classification given 
in the VCC, and on the subsequent examination of the 
combined images in Paper I. However, the intial selection 
was based on photographic plates, which are most sensi- 
tive to the blue light. Therefore, if the color distribution 
of a candidate dE(bc) would be quite asymmetric or if 
the blue central region would make up for a rather large 
fraction of the total light, this galaxy might not have 
been classified as dE in the first place. 2 We thus decided 
to use the color-combined images provided by the SDSS 
Image List Tool 3 to search all objects classified as irreg- 
ular galaxy or as blue compact dwarf (BCD; including 
candidates) for galaxies that look similar to the dE(bc)s, 
i.e., that have a regular outer shape and a color similar 
to the dEs, while having a blue inner region. We found 
12 such objects (10 certain cluster members). Further- 

2 Note that the dE(bc)s identified above were classified as dE 
despite their having been observed in blue light, in which the light 
of young stars - if present — dominates. 

3 http://cas.sdss.org/astro/en/tools/chart/list.asp, Authors: J. 
Gray, A. Szalay, M. Nieto-Santisteban, and T. Budavari 
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more, two galaxies classified as E/SO with magnitudes 
similar to the brighter dEs show the same appearance; 
both are certain cluster members. Images and color pro- 
files of these additional galaxies are presented in Figs. 
and El and their isophotal contours are shown in Fig. 
To ensure that we are not mixing different types of 
galaxies, we shall use separate samples of objects in the 
course of our study: the main sample comprising the 
23 galaxies classified as dE that have a blue center, and 
an additional sample comprising the 14 galaxies classi- 
fied other than dE that are similar in appearance to the 
dE(bc)s. Table Q lists our selected objects along with 
their classification. 

3.2. Presence of disks 

In Paper I we presented a systematic search for disk 
features in Virgo cluster dEs, which we detected in 41 out 
of 476 objects (including candidates). We showed that 
these galaxies - termed dE(di)s - are not simply dwarf el- 
lipticals that just have an embedded disk component, but 
appear to be instead a population of genuine disk galax- 
ies, i.e. flat oblate objects. Amongst the 23 dE(bc)s of 
our main sample, five are (candidate) dE(di)s, or 4 out of 
16 if only certain cluster members are counted. The frac- 
tion of dE(di)s among the full dE sample is roughly about 
25% at the median B magnitude of the dE(bc)s (14.86, 
again counting only certain cluster members). In a ran- 
domly chosen sample of 16 dEs we would thus expect to 
find 4 dE(di)s, which equals our observed number. Two 
galaxies in the additional sample also show possible disk 
features (VCC 0135: possibly spiral arms, VCC 1437: 
possibly spiral arms and a bar). Both are certain cluster 
members, so the number of 2 out of 10 objects with disks 
is again consistent with the above fractions. A detailed 
comparison of the properties of dE(bc)s, dE(di)s, and 
ordinary dEs is presented in Sect.0 

4. IMAGE ANALYSIS 

4.1. Techniques 

The study presented in Paper I provides us with 
background-subtracted, aligned g, r, and i-band images, 
a combined image, unsharp masks, and an elliptical aper- 
ture for each object. A detailed description can be found 
in Paper I. Briefly, combined images were obtained by 
co-adding the g, r, and i-band images to increase the 
S/N. From these we produced unsha rp masks w ith vari- 
ous kernel sizes (using IRAF 4 /aauss: lTodvll993T) . as well 
as isophotal contour diagrams (using IRAF/newcont). 
An elliptical aperture for each galaxy was determined by 
performing ellipse fits with IRAF / ellipse on the com- 
bined image, and then choosing by eye one of the outer 
elliptical isophotes to trace best the outer shape of the 
galaxy. This isophote was usually between 1 and 2 half- 
light radii. 

The SDSS flux calibration was applied to the aligned g 
and i-band images for each source, following the instruc- 
tions on the SDSS webpage 5 . These images were then 
divided by each other, converted into magnitudes, and 

4 IRAF is distributed by the National Optical Astronomy Ob- 
servatories, which are operated by the Association of Universities 
for Research in Astronomy, Inc., under cooperative agreement with 
the National Science Foundation. 

5 http:/ /www. sdss.org/dr4/algorithms/fluxcal. html 



corrected for Galactic extinction ijSchleeel et alj [l998). 
yielding proper g — i color maps. From the same images 
we obtained radial intensity profiles by azimuthally aver- 
aging over elliptical annuli with IRAF '/ellipse. We used 
geometric steps (i.e., steps that increase by a constant 
factor) and a fixed position angle, ellipticity, center, and 
semi-major axis. The ratio of the g and i-band fluxes was 
then converted into magnitudes, yielding radial g— i color 
profiles, where radius is calculated from semi-major (a) 
and semi-minor axis (6) as ^fab. Disturbing foreground 
stars and background galaxies were masked prior to pro- 
file calculation. 

4.2. Results from the image analysis 

In Figs. to we present for each galaxy the radial 
color profile, the combined image, the unsharp mask cre- 
ated with a Gaussian filter with a = 4 pixels, and the 
color map. The color profiles contain two types of er- 
rors: the black error bars give the uncertainty calculated 
from the S/N only, whereas the grey error bars represent 
the azimuthal variation of the color at the respective ra- 
dius (which, of course, includes S/N-effects). A color 
distribution that is not symmetric with respect to the 
galaxy center (e.g. in VCC 1617, see Fig. EJ) or is some- 
what irregular (e.g. in VCC 0170, see Fig.^J leads to an 
azimuthal variation of color significantly larger than the 
uncertainty from S/N only. 

In many cases the unsharp masks reveal central irreg- 
ularities likely caused by gas and dust features or by 
asymmetric star forming regions. On average, the cen- 
tral irregularities are stronger and the blue central re- 
gions are larger for galaxies of the additional sample as 
compared to those of main sample. 

Obviously, some galaxies have a relatively constant 
outer color and abruptly start to become bluer when 
going inwards (e.g. VCC 0173), while others display a 
gradual color change from the outer regions to the cen- 
ter (e.g. VCC 1501). Although it is not always unam- 
biguous which of the two cases applies to an object, we 
attempted to sort the dE(bc)s in Figs.Hto|2l as well as 
the (candidate) BCDs of the additional sample in Figs. El 
andEl according to the color profile shape: starting with 
those that have a constant outer color until a steep gra- 
dient sets in abruptly, to those with a smooth gradient. 
We found no correlations of this profile shape with cither 
magnitude, radius, or surface brightness. 

In order to compare the g — i colors of the dE(bc)s with 
those of "ordinary" dEs, we make use of the colors com- 
puted bv lLisker et alJ l)2005|) for 228 galaxies of our full 
dE sample, excluding dE(bc)s. Those colors were derived 
from aperture photometry on the SDSS images, using 
circular apertures with a radius equalling the half-light 
radius. We performed a linear fit to the color-magnitude 
relation of B magnitude versus g — i color, yielding an 
average dE color for each magnitude with a standard de- 
viation of 0.06 mag. These values are shown in Figs. ^ 
to El for each galaxy: the grey shaded bands enclose the 
2-<7 range of color at each galaxy's magnitude. For most 
galaxies, the outer color is still bluer than the typical 
dE color; for several objects it is even bluer than the 2-a 
range. Note that the above fit has been performed on dE 
colors computed within the half-light radius; however, 
no strong gradient is to be expected since all dE(bc)s 
have been excluded from the fit. Thus, the relatively 
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blue outer colors of the dE(bc)s could hint at a younger 
age of the dE(bc)s as a whole, a lower metallicity, or a 
shorter time since the last star formation activity in the 
outer regions as compared to ordinary dEs. A spectro- 
scopic examination of the stellar content of the dE(bc)s 
is possible at least for the centers of several galaxies, as 
presented in the following section. 

5. SPECTRAL ANALYSIS 

In order to explore the stellar content of our objects, 
we examine integrated spectra from the SDSS DR4 as 
described in Sect. 12.21 These are taken with fibers of a 
diameter of 3", corresponding to a physical size of 231 pc 
at a distance d = 15.85Mpc. 10 such spectra are available 
for the main dE(bc) sample, one of which (VCC 0046) 
proved too noisy for a stellar population analysis. Seven 
spectra are available for the additional sample. These 16 
galaxies are labelled in the last column of Table with 
"S". Six dE(bc)s of the main sample and six galaxies of 
the additional sample display Balmer line emission (see 
Tabled]). One more dE(bc) of the main sample and three 
galaxies of the ad ditional samp le are d etected in the Ha 
imaging study of iBoseilTe t al. (2001. This is a clear 
indication for ongoing star formation in the dE(bc)s. We 
note that the overall emission line strengths are larger 
for objects of the additional sample than for those of the 
main sample. 

We determine the stellar cont ent using a populatio n 
synthesis method, described in iCuisinier et alJ |2006), 
wherein the spectra are fitted to synthetic composite 
stellar populations' spectr a. Similar methods h ave a l- 
ready been empl o yed bv IcTd Fernandes et alJ 1 2003). 
IKong et al.l mm. IWestera et nil ^2004^. and IGu et al J 
(2006); the latter describe a dE with blue center very 
similar to our objects. 

5.1. Synthetic stellar populations 

The synthetic composite stellar populations were 
composed using simple stellar population (SSP) spec- 
tra from three different libraries of SSPs. The first 
SSP library (hereafter the "BC99" library) was pro- 
duced using the Bruzual and Chariot 2000 Galaxy 
Isochrone Spectral Synthesis Evolution Library (GIS- 
SEL) code llCharlot fc BruzuaflMt iBruzual fc Chariot! 
119931 1200(1), implem enting the Padova 2000 isochrones 
ijGirardi et alJ 12000^1 combined with the BaSeL 3.1 
"Padova 2000 " stellar library ijWestera et all EM 
IWesteral EioTl) . The second SSP library, "Star- 
burst", consis ts of spectra from th e STARBURST99 
data package l|Leitherer et al.l ^999) including nebular 
continuum emission (Fig. 1 on the STARBURST99 
web site, http://www.stsci.edu/science/starburst99/]. 
It impleme nts the BaSeL 2.2 library (jLeieune et al.l 
119971 11998ft . and for stars with strong mass loss it 
als o takes into account extended model atmospheres 
by iSchmutz et al.l (Il992f) . comb i ned with the Geneva 
isochrones llMevnet et al l Il994t ISchaller et alJ Il992t 
iSchaerer et al.lll993albl:lCharbonnel et alJll993Tk For old 
populations, the "BC99" spectrum was used, since the 
Starburst99 data package only contains spectra up to 
900 Myr. Additionally to these two libraries, we also 
used a library with higher spectral resolution, "BC03" , 
produ ced by employing the 200 3 version of the GISSEL 
code (|Bruzual fc Charlotl 12003) and the Padova 1995 



isochrones l|Fagotto et alJl994HGirardi et alll996fl com- 
bined with the STELIB (|Le Borgne et alJl2003l) stellar 
library. The nebular continuum emission was also added 
to the spectra in the "BC99" and "BC03" librarie s, in 
the same way as described bv iLeitherer et all (^)99). 

5.2. Fit to model spectra: procedure 

The spectra cover a wavelength range of around 3820 A 
to 9200 A, but the wavelength region above 8570 A is too 
much affected by telluric lines, so we fit the full spectra 
from 3820 A to 8570 A, except for those various parts 
of the spectra showing "contamination" from different 
emission and/or telluric line sources. Table[2]lists all the 
regions that were omitted. 

We corrected the spectra for rcdshift and for 
Galactic foreg ro und e xtinction using the values from 
Schlegel et al] 1119981) and the extinction law of 
Fluks etal.1 1)1994) . In the eight cases with Ha and 
H/3 emission we also corrected for internal gas extinc- 
tion, again using the Fluks et al. extinction law. The 
extinction constants E(B — V) = Ay/3. 266 were esti- 
mated from the Ha/H0 Ba lmer decrements following 
iTorres-Peimbert et al.l l)1989jl . adopting int rinsic ratios 
of th e emission line fluxes Ihcx/Ihp — 2-87 l)Osterbrockl 
1989). In order to properly determine the emission line 
strengths, we first had to remove the contribution from 
the absorption lines of the underlying stellar populations. 
This was done by making a first fit to the spectra em- 
ploying the method described in the following paragraph, 
using the highest resolution library ("BC03", see above), 
and then subtracting the best fit spectra from the ob- 
served spectra as illustrated in Fig. |SJ The so found 
values for E(B — V) were multiplied by a factor of 0.44 
to correct for systematic differenti al extinction betwee n 
the stellar populations and the gas ijCalzetti et al.l 2000) . 
In the cases where the spectrum displays only Ha but no 
H/3 emission, we assume the internal extinction to be 
negligible: in all of these spectra the emission is much 
weaker than in the cases with both Ha and H/3 emission, 
in which the lowest value for E{B — V) is already close to 
zero (E(B — V) = 0.02). The average value for internal 
extinction of the eight galaxies with Ha and H/3 emission 
is EiB — V) = 0.10. Note that the problem of apparent 
truncatio n of strong emission l ines in SDSS spectra re- 
ported bv lKniazev et alJ <|2004f) does not occur in any of 
our spectra. 

We modelled the actual population as being composed 
of an old (> 1 Gyr), an intermediate-age (10 Myr to 1 
Gyr), and a young (< 10 Myr) stellar population. While 
there is no standard definition for this age terminol- 
ogy, these age ranges are chosen to reflect the significant 
changes in the spectrum of an SSP with increasing age. 
Simila r values were used e.g. by iCid Fernandes et all 
( 2003); iMarastonl <f200^ : IGu et al] l|2*006|) . The charac- 
teristics and free parameters of the three populations are 
summarized in Table [21 In order to confine the param- 
eter space to as few dimensions as possible and to focus 
on the relative fractions of the populations, we fixed the 
age of the old population at 5 Gyr, and the metallic- 
ity of all populations at [Fe/H] = —0.3. These values 
equal the be st-fitting mean age and metallicity found by 
iGeha et al.l ((2003) in a study of Lick/IDS absorption line 
indices for dEs. Moreover, the spectra of SSPs of various 
ages do not differ much at ages of several Gyr and above 
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Ce.g. lBruzual fc Charlodl2f)0l . 

The best fitting population was found by a x 2 algo- 
rithm. In order to be able to calculate the x 2 estimator, 
the observed and theoretical spectra have to be on the 
same wavelength grid (at least in the range used for the 
fit). This was done by rebinning the observed spectra 
to the resolution of the theoretical spectra using a gaus- 
sian kernel function with a full width at half maximum 
(FWHM) corresponding to the resolution of the theoret- 
ical spectra (20 A for "BC99" and "Starburst" , and 1 A 
for "BC03"). The same was done with the "signal-to- 
noise spectra" , i.e. the S /N as a function of wavelength 
provided along with the actual spectra. The x 2 estima- 
tor was calculated with wavelength-dependent weighting, 
giving higher weight to the regions with a higher S/N. 
Fig. El shows an example of an observed spectrum and 
the resulting composite model spectra, as well as the in- 
dividual spectra of the three assumed subpopulations. 

5.3. Fit to model spectra: results 

The best fitting population parameters for the fits with 
the different libraries can be found in columns 2 to 6 of 
Tables 0] to El In all dE(bc)s of the main sample, and 
all but one (VCC 1499) of the additional sample, the 
old population makes up for 90 % or more of the total 
mass, even though its contribution to the total light is 
rather small (spectra f in Fig. EJ. The young popu- 
lation, on the other hand, usually contributes less than 
1 % to the mass, but often dominates the light (f y in 
Fig. El, whereas the intermediate-age population usually 
makes up for a few percent of the stellar mass. However, 
all three populations are doubtlessly present, from which 
we conclude that these galaxies have been forming stars 
until the present day. We remind the reader again that 
the spectra cover only the very central part of our objects 
and do not allow us to draw direct conclusions about the 
surrounding regions. 

Typically, the parameter space of such spectral fits is 
full of degeneracies. For example, a change of the ra- 
tio of the mass fractions of young and intermediate-age 
population has a similar effect on the composite spec- 
trum as varying one of the ages of these populations. 
Therefore, the parameter values given in Tables 0] to El 
for individual galaxies should be taken with a grain of 
salt. However, the excellent agreement between the so- 
lutions found with the different libraries, and the simi- 
larities in the solutions for the different galaxies, suggest 
that the general trends in the derived parameters reflect 
the real properties of the dE(bc)s, within the simplified 
framework of our three-population models. We empha- 
size that our approach of approximating the SDSS spec- 
tra with synthetic populations composed of three SSPs 
is not meant to represent the detailed star formation his- 
tory of our target galaxies, but only to demonstrate the 
range of ages during which star formation must have oc- 
cured. Whether stars were formed by short starbursts 
or by extended episodes of star formation can typically 
not be de cided for galaxies only observable in integrated 
light (e.g. lLiUv fc Fritze-v. Alvens lcbcii 2003). 



can be distinguished from the ones of a pure old pop- 
ulation. We focus on the g — i color since it was used 
for the actual selection of our objects. For this purpose, 
we produced synthetic composite populations using the 
three SSP libraries, and calculated the total g — i color as 
a function of the age of the youngest partial population 
as these composite populations evolve. 

The simplest case is that of two populations: a young 
one turning into an intermediate-age one, on top of the 
old one. If we assume the mass of the young population 
to have one hundredth of the mass of the old one, the 
color of the mixture evolves as shown by the solid line in 
the upper panel of Fig. ED In this scenario, it takes a few 
100 Myr until the g — i color of the composite population 
differs by less than 0.1 mag from a pure old population 
(shown by the dotted line) , and thus becomes difficult to 
distinguish from the latter. The colors shown in Fig. ^3 
are the ones using the "BC99" library, but the results 
hold true for all three libraries. 

Now we take instead a composite population like one 
of the typical solutions from Tables 01 to El that is, 
(M y + Mi):M = 1:10, M y :Mi = 1:30, the intermediate- 
age population being around 500 Myr older than the 
young one. M Vi i >0 denotes the mass fractions of young, 
intermediate-age, and old population, respectively. The 
color of this mixture evolves like the solid line in the lower 
panel of Fig. ED Again, the dotted line shows the color 
of only an old population. In this scenario, the mixture is 
still distinguishable from a pure old population 500 Myr 
after the birth of the youngest one. However, this param- 
eter combination is the one with the smallest mass frac- 
tion of the old population among the results for the main 
sample. By using the values of the other typical solutions 
from TablesHtoEJ {M y + Mi):M = 1:30, M y :M t = 1:30, 
or (My + Mi):M = 1:100, M y :M t = 1:10, the g - i 
color after 500 Myr is much more similar to the pure 
old population color (big black dots in the lower panel of 
Fig. llOfl . Therefore, after the end of star formation it will 
take less than ~ a Gigayear for the (strong) color gra- 
dient to disappear, and in many cases only ~ half a Gi- 
gayear depending on the mass fraction of the young and 
intermediate-age population. This also demonstrates the 
need for a thorough study of both strong and weak color 
gradients in early-type dwarfs, in order to draw conclu- 
sions about evolutionary histories. Whether or not star 
formation will cease soon, or has ceased already in some 
objects, depends on the amount (and state) of leftover 
gas, which is the subject of the following section. 

6. GAS CONTENT 

Dwarf elliptical galaxies are commonly considered 
to be systems that have lost their (cold) gas (e.g. 
iFerguson fc BinggeHl99llConselice et al.l2003|) . On the 
other hand, Gonselice et al.l l)2003|) reported "credible" 
HI detections for seven 6 Virgo dEs from their own study 
as well as from other literature, translating into a 15% 
HI detection rate for dEs. 



5.4. Evolution of g — i color 

6 Two of these, however, were not classified as early-type dwarf 
Finally, we would like to know for how long after the in the V CC, and appear to us as at least doubtful dE candidates 

last star formation phase integrated spectral properties from visual inspection of the SDSS images. 
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The GOLDMine database l)Gavazzi et alJ l2003j) re- 
ports detections for six more early-type dwarfs 7 . From 
the SDSS spectra presented above, we know that the 
dE(bc)s show clear signs of either ongoing or very re- 
cent star formation, suggesting the presence of a certain 
amount of gas. It would thus be interesting to know 
whether we can expect more episodes of star formation 
in the near future - requiring a significant cold gas con- 
tent - or whether star formation is likely to cease soon 
due to the lack of leftover gas. 

Two dE(bc)s of the main sample are detected in HI, 
while for 8 others, at least upper limits are available. Ten 
objects of the additional sample are detected in HI, and 
upper limits are available for three further galaxies. See 
Table |7| for HI masses and upper limits on our objects, 
along with the corresponding references to the literature. 
Two objects have values from more than one publication; 
these agree well within the errors. 

We now seek to derive an estimate for the ratio of 
the gas mass to the total baryonic mass, MHi/Mb ary . 
For this purpose we use V- band mass-to -light ratios be- 
tween 3 and 6, as given bv iGeha et al.1 i2003l). and as- 
sume no dark matter content, again following lOeha et alJ 
( 2003). We calculate the total V-band absolute magni- 
tude from the g and i-band flux within an elliptical aper- 
ture with 1.5 times t he estimated semi-major axis from 
iBinggeli et alJ l)1985l) (at ~ = 25.5mag/ar csec 2 ), us- 
ing the transformation of iSmith et al.l {2002). The re- 
sulting gas-to-baryonic mass fractions or upper limits for 
mass-to-light ratios of 3, 4.5, and 6 are listed in Tabled 

Of the dE(bc)s in the main sample, three objects have 
a very low gas content, with Mm/Mbary values of 1% or 
below (VCC 0170, VCC 0951, VCC 0953). Of the re- 
maining galaxies, one has an HI content with a resulting 
fraction of 3 — 6% (depending on the adopted mass-to- 
light ratio). The others have upper limits of several per- 
cent, up to 7 — 13% for VCC 1488. In contrast, most of 
the galaxies in the additional sample have a much higher 
gas fraction. Of the 10 detected galaxies, 7 reach up to 
more than 10%, with values up to 38 — 55%. However, 
for one object (VCC 0135) the upper limit lies below 1%. 

A comparison with average Hl-to-total mass ratios for 
Local Group dwarf galaxies shows that at least some 
dE(bc)s of the main sample have a larger gas frac- 
tion than the 0.2 ± 0.4% of an ordinary dE, while it 
is mostly lower than the 30 ± 24% of dwarf irregulars 
ijConselice et al.ll2003|) . If the detected gas was centrally 
concentrated, at least some of the dE(bc)s of the main 
sample might still continue to form stars there for a sig- 
nificant amount of time. In contrast, most objects of the 
additional sample fall in the range of the Local Group 
dlrrs, suggesting that a longer duration of star forma- 
tion is possible. See Sect.|S]for a further discussion. 

7. SYSTEMATIC PROPERTIES 

We have shown so far that the dE(bc)s, which were 
classified morphologically as early- type dwarfs, are dom- 
inated by an old stellar population. Given their moder- 
ate amount of cold gas and the lack of any (significant) 

7 Three of these (VCC 0170, VCC 0227, VCC 0281) are listed as 
SO or late- type spiral in the NASA/ I PAC Extragalactic Database 
(NED) and similar in Gav azzi et alJ 120051) who reported their HI 
detections, although they were classified as early-type dwarf in the 
VCC and confirmed as such by our Paper I. 



star formation activity beyond their central regions, the 
dE(bc)s will evolve into ordinary-looking dEs in the fu- 
ture. However, up to this point we have mainly focused 
on the appearance and the composition of the dE(bc)s, 
but we have not yet compared the statistical properties 
of the sample of dE(bc)s with those of the sample of dEs 
and dE(di)s (dEs with disks, see Sect. I3.2]l . As demon- 
strated in Paper I, the luminosity function, the projected 
spatial distribution, and the flattening distribution are 
important tools to investigate differences between types 
of galaxies, and to judge whether or not they constitute 
separate populations. We present and analyze these dis- 
tributions for the dE(bc)s in the following subsections. 

7.1. Luminosity function 

Figure ITTI shows the distribution of dE(bc)s, dE(di)s, 
and the remaining dEs with respect to their B band mag- 
nitude provided by the VCC. With the assumption that 
all galaxies are located at roughly the same distance from 
us, this distribution represents their luminosity function. 
Our data are presented as a running histogram with a 
bin-width of 1.0 mag (i.e. ±0.5 mag). Only galaxies with 
certain cluster membership are taken into account, i.e. 16 
dE(bc)s in the main sample whose distribution is given 
by the dark grey shaded area. The dE(di)s are repre- 
sented by the medium grey shaded area, and the full dE 
sample with dE(bc)s and dE(di)s excluded is given by the 
light grey shaded area. The fraction of dE(bc)s among 
the full dE sample is shown as black line. The white line 
shows the distribution of the 12 certain cluster members 
of the additional sample, which by construction are not 
included in the dE sample. 

The luminosity function of the full dE sample is given 
as grey dashed line. It has a conspicuous bump at 
brighter magnitudes, which we explained in Paper I with 
the superposition of dE(di)s and ordinary dEs, imply- 
ing that they were two different populations of objects. 
However, as can be seen in the figure, this bump might at 
least partly be explained by the superposition of dE(bc)s, 
dE(di)s, and the remaining dEs. On the other hand, 
it has been shown in Paper I that we missed ^50% of 
dE(di)s due to issues of signal-to-noise. Therefore we 
now subtracted the dE(bc)s and 1.5 times the number 
of dE(di)s from the full sample as a further test (not 
shown). Still, there is no obvious over-subtraction of the 
bump (which would result in a dip), so the data are con- 
sistent with the estimated number of missed dE(di)s. 

The fraction of dE(bc)s among all dEs reaches up to 
more than 15% for the main sample at brighter magni- 
tudes, and declines to almost zero at ma > 16. Thus the 
dE(bc)s are not a negligible population of objects, but 
instead constitute a significant fraction of the bright dEs. 
To investigate whether the decline of the dE(bc) fraction 
at fainter magnitudes is real or whether it is due to S /N 
effects, we artificially dimmed all 11 dE(bc)s of the main 
sample with 14 < ms < 15 by 1 and 2 magnitudes. 
This was done by adding Gaussian noise to the images 
such that the RMS of the total noise was increased by 

I and 2 magnitudes. Color maps and radial color pro- 
files were then constructed as described above, and were 
examined for whether they would have been selected as 
dE(bc)s by us. When dimmed by 1 magnitude, 9 of the 

II objects would still have been selected, whereas at 2 
magnitudes fainter only 5 would have been recognized 
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as dE(bc)s. Thus, if the true dE(bc) fraction would be 
constant at 17% (the average value within the interval 

14 < me < 15) independent of magnitude, we would ex- 
pect to observe a fraction of 14% at magnitudes between 

15 < m B < 16, and 8% between 16 < m B < 17. Within 
these magnitude ranges, we should thus find 9.4±2.8 and 
8.2 ± 2.8 dE(bc)s, respectively, for a binomial distribu- 
tion. However, we found only 4 and dE(bc)s, which lies 
within 1.9 and 3.0 standard deviations, respectively. It 
is thus very likely that the decline of the number fraction 
of dE(bc)s is real. 

Since we are using B band magnitudes, it is an obvi- 
ous question how much fainter the dE(bc)s will become 
after their star formation has ceased. From our spectral 
analysis, we expect a decrease of the B band flux of the 
central 3" to one third of the current flux (median value: 
0.32) for the main sample dE(bc)s. To obtain this es- 
timate we compared the total spectrum of each galaxy 
with the model spectrum of the old population only, as 
a conservative estimate. Since our galaxies show a color 
gradient (Figs. ^toEl, which we interpret as a decrease 
of the fraction of young stars when going outwards, we 
now assume that the above ratio of faded and current flux 
linearly increases to 1 up to the B band half-light radius. 
This leads to an estimated fading of the total galaxy flux 
in the B band of 0.2 mag for all dE(bc)s. Therefore, we 
do not expect significant evolution of the dE(bc) lumi- 
nosity function after the cessation of star formation. 

For the galaxies in the additional sample, Figs. El and El 
show that the blue regions are more extended. We there- 
fore assume the linear increase of the ratio of faded and 
current flux (see above) to extend to two half-light radii. 
This leads to an estimated fading of 0.4 — 0.5 mag. On 
average, these galaxies are already slightly fainter than 
the dE(bc)s of the main sample (see Fig. Illfl . This dif- 
ference would thus become more pronounced after their 
star formation has ceased. On the other hand, one might 
expect from their gas content that a significant amount of 
stars could still be formed in these objects, which would 
counteract the fading to some extent. 

7.2. Flattening distribution 

The flattening distribution of the dE(bc)s is presented 
in Fig. 1141 along with that of the dE(di)s from Paper I. 
The axial ratios were derived from the elliptical apertures 
provided by Paper I (see Sect. 14. lfl - Again, only galax- 
ies with certain cluster membership are considered. The 
distributions are presented as running histograms with a 
binsize of 0.1 (±0.05), normalized to an area of 1. In the 
bottom right hand panel of the figure, we show various 
theoretical curves for comparison. We assume randomly 
distributed inclinations and oblate (black lines) or pro- 
late (grey lines) intrinsic axial ratios. For the oblate case 
we adopt Gaussian distributions of various widths with a 
mean axial ratio of 0.4, while for the prolate case a mean 
value of 0.65 is used. 

In Paper I, we deduced that dE(di)s are consistent 
with being flat oblate objects. Here, we find that the 
dE(bc)s of the main sample are similarly distributed, 
with slightly larger axial ratios than the dE(di)s. A com- 
parison with the theoretical curves demonstrates that, 
despite the small sample size, their distribution is hardly 
consistent with dE(bc)s being spheroidal objects, and in- 
stead suggests the shape of a relatively thick disk. The 



galaxies of the additional sample are rounder, though not 
spheroidal. This is another point - besides the overall gas 
content, strength of emission lines, and size of star form- 
ing regions - in which the dE(bc)s of the main sample 
and the additional galaxies are not alike. 

7.3. Spatial distribution 

In Paper I we found that while ordinary dEs are 
more strongly clustered towards the Virgo cluster cen- 
ter, dE(di)s basically show no clustering at all, another 
indication for them being a different population of galax- 
ies. The dE(bc)s of the main sample also show no central 
clustering (Fig. El upper panel), similar to the dE(di)s. 
The same applies to the objects of the additional sam- 
ple (Fig. El lower panel). While the number of dE(bc)s 
is relatively small and does not allow statistically secure 
statements, their distribution is hardly consistent with a 
centrally concentrated population. 

7.4. Morphology-density relation 

In Fig. 1131 we present the cumulative distributions o f 
proj ected local den s ities - calculated as in lDresslerl (1980) 
and Bingg eli et alJ l)1987l) - for the dE(bc)s, the galaxies 
of the additional sample, the dE(di)s, and the remaining, 
ordinary dEs (upper panel). We also compare these with 
the distributions of standard Hubble types (lower panel) , 
i.e., with the well-known morphology-density relation. 

The dE(bc)s and the objects of the additional sam- 
ple are preferentially found in regions of moderate to 
lower density, and are distributed similarly to the ir- 
regular galaxies. This implies that they, as a popula- 
tion, are far from being virialized, corroborating the in- 
dications from the spatial distribution (Sect.EU- The 
dE(di)s show a similar distribution, which follows that of 
the spiral galaxies. Ordinary dEs, though, are preferen- 
tially found in higher density regions. Their location in 
the morphology-density diagram is intermediate between 
E/S0 galaxies and spirals. 

7.5. Velocity distribution 

Heliocentric velocities are available for 194 early-type 
dwarfs of our full dE sample that are certain Virgo clus- 
ter members (see Sect. 12.3(1 . We present these data in 
Fig. El for the dE(bc)s, the dE(di)s, and the remaining 
dEs (i.e., dE(bc)s and dE(di)s excluded). Each panel 
shows a running histogram with a bin-width of 366 km 
s , which corresponds to the semi-interquartile range of 
all 194 velocities. Their median value, Whciio = 1248 km 
s , is given as a dotted vertical line in each panel for 
comparison. 

The dE(bc)s of the main sample show a relatively large 
deviation from the overall median value: their median 
velocity is only Vhdio = 802 km s _1 . However, since the 
semi-interquartile range is large (At>h c iio = 463 km s _1 ), 
and since only 15 objects are included in this sample, we 
cannot state whether this constitutes a significant differ- 
ence. Instead, it might be more promising to compare the 
shapes of the distributions. The sample of ordinary dEs 
shows a close-to-symmetric distribution, which would be 
expected for a relaxed population. In contrast, the distri- 
bution of dE(bc)s and dE(di)s are asymmetric and less 
smooth. Both dis play side peaks, indicative of an in- 
falling population l)Tullv fc Shavaln"984t iConselice et alJ 
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120011) . This would be consistent with their spatial dis- 
tribution, which shows no central concentration within 
the cluster, and with their distribution with projected 
local density, which follows that of the irregular cluster 
galaxies. 

8. DISCUSSION 

The SDSS enables for the first time a systematic study 
of several hundred dEs in the Virgo cluster with opti- 
cal imaging and partly with spectroscopy. These data 
provide the basis for this series of papers, which aims at 
disentangling the various subpopulations of early-type 
dwarfs and uncovering their evolutionary histories. In 
Paper I, we found that dEs with disk features (dE(di)s) 
constitute a disk-shaped, unrelaxed dE population that 
is clearly different from classical dwarf ellipticals. In the 
current paper, we focus on another conspicuous feature 
that is common to several dEs: a blue center caused 
by recent or ongoing central star formation. We have 
shown that these dE(bc)s constitute a significant frac- 
tion (more than 15%) of bright dEs in the Virgo cluster. 
This number declines to almost zero beyond m-g, > 16, 
which is most likely a real decline and is not mainly due 
to signal-to-noise effects. 

Two dE(bc)s of the main sample are detected in HI, 
with gas-to-baryonic mass fractions of 1% and 3 — 6%, re- 
spectively. These values and the upper limits for several 
other dE(bc)s suggest an average gas content larger than 
that of ordinary dEs, but lower than that of dwarf irreg- 
ulars. Note that we do not know where in the galaxies 
the gas is located: if it were concentrated in the central 
region, it would probably be able to fuel star formation 
for a longer time than if the gas were distributed homo- 
geneously. 

As soon as star formation has ceased, each dE(bc)'s 
color - which provided the basis of its selection - will 
become indistinguishable from that of an ordinary dE 
within ~ a Gigayear or less (see Sect. 15.41) . However, the 
statistical properties of the dE(bc) population are unlike 
those of ordinary dEs: the projected spatial distribution 
and the flattening distribution of the dE(bc)s are similar 
to those of the dE(di)s and are different from those of 
dEs that have no blue centers or disk features. Both the 
dE(bc) and dE(di) population show no central clustering, 
which, along with the side-peaks of their velocity distri- 
butions, hints towards fairly recent infall. How long ago 
this infall c ould have taken p lace d epends on relaxation 
timescales. iConselice et al.l l)2001l) derived a two-body 
relaxation time for the Virgo dEs of much more than 
a Hubble time. Even violent relaxation, which might 
only apply for the case of merging groups or subclus- 
ters, would take at least a few crossi ng times t r y with 
tcr ~ 1.7 Gyr for the Virgo cluster ijBoselli fc Gavazzl 
2006). Thus, a dE population built out of infalling galax- 
ies remains in an unrelaxed, non-virialized state for many 
Gyr. We conclude that the dE(bc)s most likely formed 
through infall of progenitor galaxies. 

The shape of the dE(bc)s, as deduced from their flat- 
tening distribution, is hardly consistent with their being 
spheroidal objects, and instead implies that the dE(bc)s 
are rather thick disks, i.e. oblate-shaped objects with in- 
trinsic axial ratios around ~0.4. This is only somewhat 
thicker than the dE(di)s, for which we derived an axial 
ratio of ~0.35 in Paper I. How could these disk-shaped 



dEs be produced? 

8.1. Formation scenarios 

In the galaxy harassment scenario (M oore et al.ll996|) . 
an infalling late-type disk galaxy gets transformed into 
a dE through high-speed encounters with massive clus- 
ter galaxies. This obviously leads to an increase in the 
axial ratio during the transformation process, since a 
disk is converted into a spheroid. However, a thick 
stellar disk may su r vive and lead to lenticula r systems 
ijMoore et all 119961 iMastropietro et all l2005|) . These 
may form a bar and spiral features, and retain them for 
some time, depending on the tidal heating of the galaxy 
( Mastropi etro et alll2005fl . Galaxy harassment thus ap- 
pears to be a plausible scenario to explain the formation 
of disk-shaped dEs, and of dE(di)s in particular. More- 
over, it predicts gas to be funneled to the cen ter and 
form a density excess there l|Moore et al.lll998|) . While 
Moore et al. compare this to the presence of a nucleus 
in many dEs, they admit that their simulations "were 
not designed to probe the inner 200 pc" . The radii of 
many of the blue central regions of the dE(bc)s are only 
slightly larger than this value (see Figs. H to EJ; conse- 
quently, the central gas density excess could well explain 
the blue centers. The harassment scenario thus describes 
a possible evolution of an infalling late-type disk galaxy 
to a dE(bc) and to a dE(di). 

Another mechanism to fo rm disk-shaped dEs could be 
ram-pressure stripping (e.g. lGunn fc Gottll972|) of dwarf 
irregulars. Depending on galaxy mass, the gas might be 
signifi cantly removed e xcept around the central region 
ijMori fc Burkerd 12000). which would seem to be con- 
sistent with the central star for mation of the dE(bc)s. 
As shown bv lvan Zee et alJ l)2004l ). several dEs have sig- 
nificant rotation, and could thus be the descendants of 
dlrrs, which are also known to be mostly rotationally 
supported, at least at the luminosities considered here. 
However, apart from the problems with this scenario dis- 
cussed in Sect.Q] like the metallicity offset between dEs 
and dlrrs or the too strong fa ding of dlrrs, the flattening 
distribution of dlrrs shown by Binggeli & Podcscu ( 1995) 
is not quite like that of our dE(bc)s. Instead, dlrrs have 
a (primary) axial ratio >0.5. On the other hand, signifi- 
cant mass loss due to stripped gas would be expected to 
affect also the stellar configuration of the galaxies and 
could thus possibly account for the difference. 

As outlined in Sect. ^ several studies claimed that 
BCDs might be progenito rs of dEs. Their flattening dis- 
tribution, as analyzed bv lBinggeli fc Popescul l)1995|) . is 
somewhat more like that of our dE(bc)s, though still 
slightly rounder. These BCDs behave similarly to the 
galaxies of our additional sample - which were mostly 
classified as (candidate) BCDs, but were selected only 
if their appearance was similar to the dE(bc)s. Overall, 
they have more extended blue regions, stronger emission 
lines, and clearly a higher gas content than the dE(bc)s 
of the main sample. They are also dominated by an 
underlying old population - only one out of seven has 
Moid < 90% - and they have fairly regular outer shapes. 
Their spatial distribution also hints at an unrelaxed pop- 
ulation, and their velocity distribution is asymmetric. 

Tidally induced sta r formation in dlrrs 
Ipavies fc Phillippsl Il988j) might be able to link 
BCDs and dEs, and could at the same time overcome 
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the problems of the ram-pressure stripping scenario. 
The initially lower metallicity and surface brightness of 
a dlrr are increased by several bursts of star formation, 
during which the galaxy appears as blue compact dwarf 
(BCD). After that, it fades to become a dE. The last 
star formatio n burst might occur in t he central region 
of the dwarf ijDavies fc Phillippslll988(K consistent with 
the appearance of the dE(bc)s. 

8.2. Presence of nuclei 

Many late-type spirals - which act as dE progenitors in 
the harassment sc enario - host a compact nucleus (e.g. 
iBoker et alJl2004D . If the nucleus survives the morpho- 
logical transformation, it would become the nucleus of 
the resulting dE(bc) or dE(di). A second scenario for 
nucleus form ation in dEs is lat e star formation out of cen- 
tral gas (e.g. lOh fc Linll2000j) . which in principle might 
be taking place in the centers of the dE(bc)s. 

The fraction of nucleated galaxies among the dE(bc)s 
is 7/16 (44%), which is based on the VCC classification 
and has been verified by us through visual inspection of 
images and unsharp masks. We find one more dE(bc) to 
have "multiple nuclei" (VCC 0021), and one to have a 
possible nucleus (VCC 1512). If those two objects were 
counted as being nucleated, the fraction would increase 
to 56%. Among the dE(di)s, 26 out of 36 galaxies are nu- 
cleated (72%). Ordinary dEs (i.e. excluding dE(bc)s and 
dE(di)s) have a nucleated fraction of also 72% among 
the brighter objects (mg < 16), which is the magni- 
tude range of most dE(di)s and of all but one dE(bc). 
If we assumed a 72% nucleated fraction for the dE(bc)s 
as well, we would expect to find 11.5 nucleated dE(bc)s 
among our 16 objects, with a standard deviation a = 1.8. 
Our observed number thus lies within 1.4cr of the ex- 
pected value if dE(bc)s had the same nucleated fraction 
as dEs and dE(di)s, and if the two uncertain objects were 
counted as nucleated. Thus, there is no significant differ- 
ence between dE(bc)s, dE(di)s, and the other dEs with 
respect to the presence or absence of a nucleus. Still, 
the somewhat smaller number of nuclei in dE(bc)s could 
be a hint that nuclei are indeed forming in their centers. 
Of the galaxies in the additional sample, none displays 
a nucleus, but the significant amount of central gas and 
dust might leave the possibility of a hidden nucleus, or 
of a nucleus just being formed. 

W e point out tha t the ACS Virgo Cluster Sur- 
vey (jCote et alJ l2004|) finds a much higher frequency 
of compact stellar n uclei in early-type galaxies than 
Bingg eli et alJ l) 19851) did, primarily due to the much 
higher resolution o f space-bas ed studies as compared to 
ground-based ones (Cote 2005). However, if we took into 
account these results, a dE classified as nucleated in the 
VCC would then simply be termed a dE with a nucleus 
bright enough to have been detected by Binaael i et al\ 

8.3. Presence of dE(bc)s in less dense environments 

Early-type dwarfs with blue centers are not only 
present in the Virgo cluster. NGC 205, with i ts cen- 
tral r egion of young stars and central dust clouds (Hodge 
1973), is a well known local example of what we te rm a 
dE(bc); the same applies to NGC 185 (|Hodgelll963h . On 
the one hand, NGC 205 might be considered as special 
case due to its clear signs of tidal interaction with M 



31 l)Mateoiri998fl . On the other hand, tidal interaction 
might not be something special but instead something 
very common and even required for the formation of dEs, 
and of dE(bc)s in pa rticular. While gala xy harassment is 
negligible in groups (jMaver et al.l200Thl) , a similar mech- 
anism is provided there by the so-called tidal stirring sce- 
nario (jMaver et alJl2001aj) . in which a dlrr that suffers 
repeated tidal shocks is transformed into a dE or a dSph. 
In this model, the galaxies with higher surface brightness 
can reach a central gas density excess like what was de- 
scribed above for harassment. Tidal stirring might thus 
provide a consistent explanation for dE(bc)s in groups. 

Contrary to the above interpretation of NG C 185 and 
NGC 205 as possible result of tidal stirring, IGu et all 
( 2006) recently presented an apparently isolated dwarf el- 
liptical with a blue center (IC 225) at a distance of 20.6 
Mpc. Its spectrum displays Balmer line emission, and 
based on its appearance it would doubtlessly enter our 
dE(bc) sample. The authors base their conclusion about 
the galaxy's isolation on their failure to find a potential 
companion within 30 arcmin, using the NED. This an- 
gular search radius corresponds to 180 kpc at their given 
distance. We increased the searc h radius, and found the 
small galaxy group USGC U124 ijRamella et al.ll2002|) to 
lie at the same distance as IC 225 (within 25 km s _1 
in radial velocity), and at an angular separation of 145 
arcmin, or 870 kpc. The brightest group member (NGC 
0936) is an early-type spiral galaxy with Mb ~ —20.5. 
Since 870 kpc would seem a rather large distance for IC 
225 to be a bound companion, we test whether a single 
interaction could have occured in the past. As an exam- 
ple, if the relative velocity was 100 km s _1 , the encounter 
would have occured 8.5 Gyr ago, much too long for the 
current star formation to have been triggered by it. 

While the tidal forces of smaller galaxies closer to 
IC 2 25 could poss i bly a ffect the galaxy's gas distribu- 
tion, iBrosch et alJ <)2004[) argued that tidal interactions 
might not be necessary for activating star formation, and 
that instead, the dynamics of gas masses in a dark mat- 
ter gravitational potential could be the primary trigger. 
Nevertheless, the main problem would be to explain how 
an isolated dE could have formed at all. Therefore, if IC 
225 is indeed a truly isolated galaxy, one has to think 
of other mechanisms for dE formation than the ones we 
have discussed. It also demonstrates along with NGC 
185 and NGC 205 that central star formation does not 
only occur in cluster dEs, and that, consequently, the 
mechanisms for dE formation might be similar in differ- 
ent environments. In fact, in the Local Group, where 
we can study galaxies at the highest angular resolution, 
many dSphs show star formation histories that extend 
over many Gyr. In all of these cases, the younger popu- 
lations are more cent rally concentrated than the old ones 
()Harbeck et alJl2001t) . Apart from interactions, this may 
also be a consequence of longer-lived gas reservoirs at the 
centers of these galaxies' potential wells. 

Finally, we caution against calling the dE(bc)s 
"dE/dlrr transition types" : this would suggest that every 
dE(bc) has a dlrr progenitor, wh ich might not be the case 
as discussed above. Similarly, iGrebel et al.1 l)2003|) ar- 
gued for Local Group dwarfs that the so-called dlrr/dSph 
transition types are plausible progenitors of dSphs, while 
dlrrs themselves seem less likely. 
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9. SUMMARY AND OUTLOOK 

We have presented a study of Virgo cluster early-type 
dwarf galaxies (dEs) with central star forming regions, 
based on photometric and spectroscopic data from the 
SDSS DR4. These "dE(bc)s" are not rare objects, but 
they reach a fraction of more than 15% among the bright 
(me < 16) dEs. Their spatial distribution and their dis- 
tribution with projected local density suggest that they 
are an unrelaxed population. Their flattening distribu- 
tion is consistent with them being disk-shaped objects 
like the dEs with disk substructure (dE(di)s) identified 
in Paper I. Even in the very center, where their colors 
are bluest, 90% or more of their mass belongs to an 
old stellar population. Thus, they will appear like or- 
dinary dEs within about one Gigayear after the end of 
their star formation. The gas content of the dE(bc)s is 
lower than in dwarf irregulars, but probably somewhat 
higher than in classical dEs, implying that at least in 
some dE(bc)s star formation might still continue for some 
time. Plausible formation mechanisms that could explain 
both the disk shape and the centr al star formation o f 
the dE(bc)s are galaxy harassment l)Moore et al.l fl996). 
which describes the transformation of infalling late-type 
disk g alaxies into dEs, tidally i nduced star formation in 
dlrrs (Davics & PhilliDDS 1988), and possibly also ram- 
pressure stripping l)Gunn fc GottJll972j) of dlrrs and star 
formation induced by gas compression due to ram pres- 
sure. 

We have started our series of papers on Virgo early- 
type dwarfs by describing two sorts of dEs with "special 
features", i.e., dEs with a blue center (this study) and 
dEs with disk substructure (Paper I). It is important 
to stress that we are not looking at one single popula- 
tion of dEs, with those features just being some extra 
"flavour", but that these dE subtypes constitute popu- 
lations with distinct properties that differ from the rest 
of dEs. To complicate the issue even more, ordinary dEs 
(i.e., exluding dE(bc)s and dE(di)s) are probably not a 
homogeneous population either, since e.g. the clustering 
properties of nucleated and non -nucleated dEs differ sig- 
nificantly (Binggeli et alJll987j) . Whether or not all of 
these dE subtypes simply reflect different evolutionary 
stages of one single class of galaxy, or whether they are 
indeed different classes of early-type dwarfs, will be dis- 
cussed in detail in a forthcoming paper. 
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TABLE 1 

Early-type dwarfs with blue centers. 



vcc 


OJ2000 


<5j2000 


Mem. 


m B 
(mag) 


Class 


Note 


Main sample 
















0091 


1Z ±u zo.z 


+10°11'19" 


M 


14.75 


dS0(4) 






19 19 11 n 

1 Z 1 Z 1 1 .u 


+12 


53 


37 


p 


17.00 


dE3? 


s 


m 70 


19 1 ^ ^fi ^ 
1Z 1J OU.J 


+14 


26 


00 


M 


14.86 


dSO pec: 




U± I O 


1 9 i « nn a 

1Z ID UU.4 


+08 


12 


08 


M 


15.00 


dS0(l)? 






19 17 fi^ A 
1Z 1 / UO.4 


+12 


17 


22 


M 


14.88 




D2 


A070 


19 1 fi 1 A A 
1Z lo 14.4 


+06 


36 


14 


p 


15.10 


dSO Nner 


Dls 


0281 


12 18 15.2 


+13 


44 


58 


M 


15.30 


dSO or BCD 


S, Ho/3 


0308 


12 18 50.9 


+07 


51 


43 


M 


14.30 


d-R0i (0) N- 


Dls 


0636 


12 23 21.3 


+15 


52 


06 


p 


16.44 


dE0,N or S0i(0) 




0674 


12 23 52.6 


+13 


52 


58 


M 


18.00 


dEO N 




0781 


12 25 15.2 


+12 


42 


53 


M 


14.46 




S Hq 


0870 


12 26 05.4 


+11 


48 


43 


M 


14.68 


dS0(5),N 


si Ho/3 


0951 


12 26 54.4 


+11 


39 


50 


M 


14.23 


dE2pec,N or dS0(2),N 


S, Ha 


0953 


12 26 54.8 


+13 


33 


58 


P 


15.70 


dEo:,JNpec: 


S 


1078 


12 28 11.4 


+09 


45 


38 


i > 


1 ^ 

10. ou 


dE5 pec? 


o, na 


1488 


12 33 13.5 


+09 


23 


51 


M 


1 A 7R 
14. / O 


dE" 


R- f/rv Hi 
o, na ILL. 


1501 


12 33 24.7 


+08 


11 


27 




i ^ i n 

lO. 1U 


QoU ; 




1512 


12 33 34.6 


+11 


15 


13 


M 


1 ^ 7*^ 
ID- 1 O 


HQO nor 
UOU pec 




1617 


12 35 30.9 


+06 


20 


01 


i > 
i 


i ^ nn 

10. uu 


Q.iDU^'rt j pec .' 




1684 


12 36 39.4 


+11 


06 


07 


M 


1 A 87 

14. / 


rl^OfiRV 
UOU^O J . 




1715 


12 37 28.5 


+08 


47 


40 


p 


i « 9n 
10. zu 


arjU pec : 




1779 


12 39 04.7 


+14 


43 


52 


M 


11 89 
14. OO 




i_/o 


1912 


12 42 09.1 


+12 


35 


18 




1 A 1 (\ 
14. ID 






Additional sample 
















0024 


12 10 35.7 


+ 11 


45 


39 


M 


14.95 


BCD 


S, Ha/3 


0135 


12 15 06.9 


+12 


00 


59 


M 


14.81 


Sdpc / RCD 


S, Ha/3 


0334 


12 19 14.2 


+13 


52 


57 


M 


16.20 


BCD 




0340 


12 19 22.1 


+05 


54 


38 


P 


14.43 


BCD or merger 


S, Ha/3 


0446 


12 20 57.9 


+06 


20 


21 


M 


15.50 


Im / BCD: 




0841 


12 25 47.6 


+14 


57 


07 


M 


16.70 


BCD 




0890 


12 26 21.6 


+06 


10 


11 


P 


16.00 


BCD? 




1175 


12 29 18.5 


+10 


08 


13 


M 


15.10 


E5 / S0i(5) 


S, Ha/3; M32 


1273 


12 30 17.0 


+09 


05 


07 


M 


15.25 


Imlll: 


S, Ha/3 


1437 


12 32 33.5 


+09 


10 


25 


M 


15.70 


BCD 


S, Ha/3 


1499 


12 33 20.2 


+12 


51 


01 


M 


14.58 


E3 pec or SO 


S 


1955 


12 43 07.6 


+12 


03 


00 


M 


14.12 


S pec / BCD 


Ha lit. 


2007 


12 44 47.5 


+08 


06 


25 


M 


15.20 


Imlll / BCD: 


Ha lit. 


2033 


12 46 04.4 


+08 


28 


34 


M 


14.65 


BCD 


Ha lit. 



Note. — Cluster membership (column "Mem.") is provided by Bimrecli ct al. 1 1985, 1993): 
M = certain cluster member, P = possible member. Cla ssification a s in th e VCC, except for 
VCC 1 188 which has been reclassified as probable dE by |Gehae^alJJ2003) (former class EG:). 
VCC 1175 belongs to the M32-like compact ellipticals iBineecli ct al. 1985). Notes in the 
last column are as follows: D = disk identified in Paper I, Dls = certain disk with spiral arms, 
D2 = probable disk, D3 = possible disk. S = useful spectrum available. Ha/3 = spectrum displays 
B almer line emission; Ha = spectrum displays only Ha emission. Ha lit. = Ha detection reported 
by Bosclli ct al. 1 2002 ) . Only given if Ha is not detected in the SDSS spectrum, or if no spectrum 
was available. Units of right ascension are hours, minutes, and seconds, and units of declination 
are degrees, arcminutes, and arcseconds. 
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TABLE 2 
Wavelength ranges that were 
not used for the spectral fit. 



range (A) "contamination" source 



3885- 


-3900 


H8 


3965- 


■3980 


Hf-|4NpTTT1 3Q67 
jhc^ [i^ cirij oyu / 


4100- 


■4110 


H<5 


4335- 


■4345 


H 7 +[OIII]4363 


4855- 


■4870 


H/3 


4955- 


■4965 


[OIII]4959 


5000- 


■5015 


[OKI] 5007 


5535- 


■5590 


telluric lines 


5860- 


■5905 


Hel 5876 


6245- 


■6320 


[OI]6300+[SIH]6312 


6520- 


6600 


Ha+[NII] 


6700- 


-6740 


[SII]6717+6731 


7130- 


■7145 


[ArIII]7136 


7560- 


■7600 


telluric lines 


7700- 


8100 


telluric lines 


8250- 


■8480 


telluric lines 



TABLE 3 
Possible values of the population 
parameters. 



parameter possible values 

(My +Mi):M 0:1, 1:100, 1:30, 1:10, 
1:3, 1:1, 3:1, 10:1, 1:0 

My-.Mi 0:1, 1:30, 1:10, 1:3, 1:1, 

3:1, 10:1, 30:1, 1:0 

age y 1, 2, 3, 4, 5, 6, 7, 8, 9 Myr 

agei 10, 20, 50, 100, 200, 500 Myr 

age fixed at 5 Gyr 

[Fe/H] y fixed at -0.3 

[Fc/H] i fixed at -0.3 

[Fc/H] D fixed at -0.3 



Note. — The young population is denoted 
by index y, the intermediate-age one by i and 
the old one by o. M x is the mass fraction of the 
respective population. 
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TABLE 4 

Best fitting parameters using the "BC99" 

LIBRARY. 



vcc 


My 


age y 


Al t 




a 9 e i 




M 
Al 


Main sample 














0021 


0.0029 


9 Myr 


u.uoou 


ouy 


iviyr 


u. 




0281 


0.0029 


1 Myr 


u.uzyo 




iviyr 


o 

u 


QR77 


0781 


0.0003 


2 Myr 


u.uuyo 




iviyr 


n 
u 


QQm 
yyui 


0870 


0.0029 


7 Myr 


u.uzyo 


1 fl9 


iviyr 


n 
u. 


QA77 

yo / / 


0951 


0.0010 


1 Myr 


U.UO-LZ 




Myr 





QR77 
yu t i 


0953 


0.0010 


7 Myr 


0.0312 


509 


Myr 





.9677 


1078 


0.0029 


1 Myr 


0.0880 


509 


Myr 





.9091 


1488 


0.0010 


7 Myr 


0.0312 


203 


Myr 





.9677 


1684 


0.0000 




0.0909 


203 


Myr 





.9091 


Additional sample 












0024 


0.0029 


1 Myr 


0.0293 


102 


Myr 





.9677 


0135 


0.0010 


3 Myr 


0.0312 


102 


Myr 





.9677 


0340 


0.0074 


1 Myr 


0.0025 


509 


Myr 





.9901 


1175 


0.0050 


1 Myr 


0.0050 


509 


Myr 





.9901 


1273 


0.0025 


2 Myr 


0.0074 


203 


Myr 





.9901 


1437 


0.0161 


8 Myr 


0.0161 


50 


Myr 





.9677 


1499 


0.0081 


9 Myr 


0.2419 


509 


Myr 





.7500 



Note. — M y and age y give the mass fraction and 
age of the young population, respectively. Mi and 
agei are the same parameters for the intermediate- 
age population. The age of the old population was 
fixed at 5 Gyr; M gives its resulting mass fraction. 



TABLE 5 

Best fitting parameters using the "Starburst' 

LIBRARY. 



VCC 


My 


age y 


Mi 




agei 




M 


Main sample 














0021 


0.0083 


8 Myr 


0.0826 


500 


Myr 


0. 


.9091 


0281 


0.0029 


1 Myr 


0.0293 


200 


Myr 


0. 


.9677 


0781 


0.0003 


8 Myr 


0.0096 


100 


Myr 





.9901 


0870 


0.0227 


8 Myr 


0.2273 


500 


Myr 


0. 


.7500 


0951 


0.0029 


9 Myr 


0.0880 


500 


Myr 





.9091 


0953 


0.0025 


8 Myr 


0.0074 


100 


Myr 





.9901 


1078 


0.0083 


8 Myr 


0.0826 


200 


Myr 


0. 


.9091 


1488 


0.0029 


8 Myr 


0.0880 


500 


Myr 





.9091 


1684 


0.0029 


1 Myr 


0.0880 


500 


Myr 





.9091 


Additional sample 












0024 


0.0029 


5 Myr 


0.0293 


500 


Myr 





.9677 


0135 


0.0025 


5 Myr 


0.0074 


100 


Myr 


0. 


.9901 


0340 


0.0050 


1 Myr 


0.0050 


20 


Myr 





.9901 


1175 


0.0050 


1 Myr 


0.0050 


500 


Myr 





.9901 


1273 


0.0025 


2 Myr 


0.0074 


200 


Myr 





.9901 


1437 


0.0083 


1 Myr 


0.0826 


500 


Myr 





.9091 


1499 


0.0081 


8 Myr 


0.2419 


200 


Myr 





.7500 



Note. — Same as Table|l] but for the "Starburst" 
library. 
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TABLE 6 

Best fitting parameters using the "BC03" 

LIBRARY. 



vcc 


My 




age y 




l\l t 




a 9 e i 






Main sample 


















0021 


0.0029 


9 


iviyr 


n 

u. 


UOOU 


ouy 


iviyr 


u. 




0281 


0.0029 


1 


iviyr 


n 
u. 


UOOU 


ouy 


iviyr 



u 


QOQ1 


0781 


0.0003 


1 


Myr 


n 
u. 


uuyo 


zuo 


iviyr 


n 
u 


QQfl1 

yyui 


0870 


0.0029 


6 


iviyr 


n 
u. 


0903 

uzyo 




iviyr 


n 
u. 


Q£77 

yu / / 


0951 


0.0010 


6 


iviyr 


n 
u. 


UO-LZ 


90^ 
zuo 


Myr 



u 


yu t i 


0953 


0.0010 


7 


Myr 


0. 


0312 


509 


Myr 





.9677 


1078 


0.0029 


1 


Myr 


0. 


0880 


509 


Myr 





.9091 


1488 


0.0010 


7 


Myr 


0. 


0312 


203 


Myr 





.9677 


1684 


0.0029 


6 


Myr 


0. 


0880 


509 


Myr 





.9091 


Additional sample 
















0024 


0.0029 


5 


Myr 


0. 


0880 


509 


Myr 





.9091 


0135 


0.0010 


4 


Myr 


0. 


0312 


102 


Myr 





.9677 


0340 


0.0029 


1 


Myr 


0. 


0293 


50 


Myr 





.9677 


1175 


0.0029 


1 


Myr 


0. 


0880 


509 


Myr 





.9091 


1273 


0.0025 


2 


Myr 


0. 


0074 


509 


Myr 





.9901 


1437 


0.0029 


3 


Myr 


0. 


0880 


203 


Myr 





.9091 


1499 


0.0081 


8 


Myr 


0. 


2419 


509 


Myr 





.7500 



Note. — Same as Table but for the "BC03" 
library. 



TABLE 7 

HI DETECTIONS. 



VCC MjWMg) jgHjHO ^(^=4-5) I^(f=6) Reference 



Main sample 










0021 


<7.78 


<0.048 


<0.032 


<0.024 


1 


0170 


7.39 


0.014 


0.009 


0.007 


2 


0281 


7.52 


0.055 


0.037 


0.028 


2 




7.74 








3 


0308 


<7.92 


<0.094 


<0.065 


<0.049 


1 


0781 


<7.42 


<0.055 


<0.038 


<0.028 


1 


0951 


<6.84 


<0.003 


<0.002 


<0.001 


1 


0953 


<6.54 


<0.009 


<0.006 


<0.004 


1 


1488 


<8.27 


<0.134 


<0.093 


<0.072 


1 


1779 


<7.72 


<0.041 


<0.027 


<0.021 


1 


1912 


<7.44 


<0.031 


<0.021 


<0.016 


1 


Additional sample 










0024 


8.90 


0.546 


0.445 


0.376 


2 


0135 


<7.13 


<0.009 


<0.006 


<0.004 


2 




<7.74 








3 


0334 


7.89 


0.339 


0.255 


0.204 


2 


0340 


8.76 


0.547 


0.446 


0.377 


2 


0446 


7.62 


0.284 


0.209 


0.166 


2 


0841 


7.55 


0.270 


0.198 


0.156 


2 


0890 


7.27 


0.106 


0.073 


0.056 


2 


1273 


<7.10 


<0.064 


<0.044 


<0.033 


2 




<7.54 








3 


1437 


8.17 


0.311 


0.232 


0.184 


2 


1499 


<8.53 


<0.256 


<0.186 


<0.147 


4 


1955 


7.66 


0.047 


0.032 


0.024 


2 


2007 


7.31 


0.218 


0.157 


0.122 


2 




7.44 








3 


2033 


7.39 


0.045 


0.031 


0.023 


2 



Note. — HI masses and upper limits are given for our adopted Virgo cluster dis- 
tance of d = 15.85Mpc. In columns 3 to 5 we list the ratios of the gas mass to the total 
baryonic mass, using different mass-to-light ratios as given in the column header; for de- 
tails seetext^^eferences for the HI det ections: 1. GOLDMin e d atabase !GjHagzi_j?t_al] 
I2003t http ://goldmine.mib.infn.it/ 1: 2 IHavazzi et aT] 120051) : 3. IHuchtmeier fc Hichterl 
119891) : 4. (Huchtmcicr & Kichte3 119861V 
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Fig. 1. — Early-type dwarfs with blue centers. For each galaxy, the radial g — i color profile is shown (top panel; radius= V ab), along 
with the combined image (bottom left), the unsharp mask created with a Gaussian filter with a = 4 pixels (bottom center), and the g — i 
color map (bottom right). The combined images have a horizontal scale of 70", or 5.4kpc with d = f5.85Mpc, while the scales of unsharp 
masks and color maps are only half as large. A legend showing the grey scales of the color maps is given in Fig. |3 The galaxies are 
sorted such that those with a relatively constant outer color and an abruptly starting, steep gradient come first, while those with a gradual 
color change come last (in Fig.[3J. The sorting has been done visually, without any quantitative basis. The black error bars in the color 
profiles give the uncertainty calculated from the S/N only, whereas the grey error bars represent the azimuthal variation of the color at the 
respective radius. Since the latter includes S/N-efFects, t he grey error bars are alway s larger than the black ones. The vertical dotted line 
denotes the half-light radius — if available — as given by Bineeeli & Cameron (1993). The profiles are shown up to the estimated radius 
from iBinggeli et alJ C$85), a * MB ~ 25.5mag/arcsec 2 . The grey-sha ded areas enc l ose th e 2-tr-range of the colors of "ordinary" dEs (i.e. 
without a blue center) at the respective magnitude, as derived from Lisker et ahl 120051) . See text for details. For VCC 0674, the steps 
between each point are twice as large as for the other galaxies, due to its low S/N. 
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Fig. 2.— 



Early-type dwarfs with blue centers. Continued from Fig. 
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Fig. 3. — Early-type dwarfs with blue centers. Continued from Fig. [3] The bar in the bottom right panel indicates the grey scale used 
for the color maps. 
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Fig. 4. — Isophotal contours of the dE(bc)s. The galaxies are shown in the same order as in Figs.Qto|2] Contour diagrams were produced 
with IRAF / newcont on the combined images. The outermost contour lies at a level of three times the noise RMS, which was measured 
for each image separately. Contours are then displayed for 15 logarithmic steps up to 300 times the RMS. 
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Fig. 5. — Galaxies similar to the dE(bc)s. Like Fig.0 but for the galaxies of the additional sample, which were not classified as dEs but 
were chosen by us as being similar. The two top left galaxies were classified as E or SO; the top right galaxy as irregular. All other objects 
here and in Fig. HJwere classified as (candidate) BCDs, and are sorted according to the shape of the color gradient, analogous to Figs. iTlto 



22 



Lisker, Glatt, Westera, & Grebel 




1175 

- » 


1499 

IP 

,. rf ■* , 1 


-- 

• 


■■<#)' 


; / ^-^ > 


0340 


0446 . . " 


0024 


i , 




n 

. i * 


1437 


H334 

.• kr?- " . 

4 


2007 

if* 

. . -it/ 





Fig. 7. — Isophotal contours of the additional sample. Like Fig. [3] but for the galaxies of the additional sample, which are shown in the 
same order as in Figs, IB1 and IS1 
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Fig. 8. — Emission line strength. Illustration of how the H/3 emission line strength was measured for the example of VCC 0870. In the 
left panel, the solid line represents the observed spectrum, whereas the short-dashed line shows the best fit using the "BC03" SSP library. 
The shaded region between these two lines shows the area used to calculate the emission line strength. The right panel shows the emission 
line after subtracting the (rebinned) best fit. The shaded area corresponds to the shaded area between spectrum and best fit from the left 
panel. 




Fig. 9. — Example of a "best fit". The thin (red or dark grey) lines represent the observed spectrum (VCC 1499), the thicker white lines 
show the best fitting spectra obtained using the different SSP libraries, whereas the lower-level lines show the best fits decomposed into 
the young (f y , blue or dark grey), the intermediate-age (/;, green or medium grey), and the old (/ , cyan or light grey) populations. Flux 
is given in erg cm~ 2 s _1 A -1 . 
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Fig. 10. — Color evolution of an ageing population. Evolution of g — i color of different composite stellar populations. The age of the old 
population is fixed at 5 Gyr, and the metallicity of all populations is fixed at [Fe/H] = —0.3. Upper panel: Composite population made 
out of a young and an old population. The young population makes up for 1% of the total mass. Lower panel: Composite population 
made out of a young, an intermediate-age, and an old population, similar to the best fit results derived for the dE(bc)s. The upper curve 
represents a population with (M y + Mi):M = 1:10, M y :Mi = 1:30, with M y ^ t0 denoting the mass fractions of young, intermediate-age, 
and old population, respectively. The intermediate-age population is chosen to be ~500 Myr older than the young one. The big black dots 
mark the color of this mixture after 500 Myr, as well as that of two other mixtures: {(M y + Mi):M = 1:30, M y :Mi = 1:30} (middle dot), 
and {(My + Mi):M = 1:100, M y :Mi = 1:10} (lower dot). 
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Fig. 11. — Luminosity function. Running histogram of the number of galaxies (right y-axis) with respect to B-band magnitude as given 
by the VCC. Shown are dE(bc)s of the main sample (dark grey area), dE(di)s (medium grey area), all dEs excluding both dE(di)s and 
dE(bc)s (light grey area), and all dEs (light grey dashed line). Galaxies of the additional sample - which by construction are not included 
in the dE sample — are represented by the white line. The bin-width is 1™0, therefore the counts are incomplete for me > 17^5 (vertical 
dotted line). A bin is calculated at each position of a galaxy in the full sample. Only galaxies with certain cluster membership are taken 
into account. The fraction of dE(bc)s — the ratio of the dE(bc) histogram to the histogram of all dEs — is given as black line (left y-axis 
applies). The upper x-axis gives absolute magnitudes assuming m — M = 31™0. 
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Fig. 12. — Distribution within the cluster. Projected spatial distribution of the dE(bc)s of the main sample (black circles, upper panel) 
and the galaxies of the additional sample (black circles, lower panel). Coordinates arc given for J2000. Grey crosses represent all dEs 
without blue centers. All other Virgo cluster galaxies with raj < 18™0 are shown as small black dots. Only galaxies with certain cluster 
membership are considered. The black cross gives the position of M87. Boundaries of the SDSS coverage are shown as grey dashed lines. 
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Fig. 13. — Morphology vs. density. Cumulative distribution of local projected densities. Following Dressier ( 1980) and Bineecli et al. 
119871) . we define a circular area around each VCC galaxy that includes its ten nearest neighbours (independent of galaxy type), yielding 
a projected density (number of galaxies per square degree). Only galaxies with certain cluster membership are taken into account. Upper 
panel: The dE(bc)s of the main sample (solid black line), the galaxies of the additional sample (dashed black line), the dE(di)s from Paper 
I (solid grey line), and ordinary dEs (excluding dE(bc)s and dE(di)s, dashed grey line). Lower panel: The dE(bc)s of the main sample 
(solid black line) compared to various Hubble types. 
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Fig. 14. — Flattening distribution. Distribution of projected axial ratios of the dE(bc)s of the main sample (top left), the galaxies of the 
additional sample (top right), and the dE(di)s from Paper I (bottom left). The data are shown as running histogram with a bin-width of 
0.1. Only galaxies with certain cluster membership are considered. Beyond the last data point on each side, the histograms are plotted with 
dotted instead of solid lines. The bottom right hand panel shows theoretically expected curves for intrinsic oblate (black) and prolate (grey) 
shapes, assuming randomly distributed inclinations and intrinsic axial ratios that are described by the following Gaussian distributions: 
oblate with mean fi = 0.4 and a = 0.07 (black solid line), a = 0.04 (black dashed line), a = 0.02 (black dotted line); prolate with fi = 0.65 
and a = 0.2 (grey solid line), a = 0.15 (grey dashed line), a = 0.1 (grey dotted line). 
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Fig. 15. — Velocity distribution. Distribution of available heliocentric velocities, taken from the NASA/IPAC Extragalactic Database 
(NED). The dE(bc)s of the main sample are shown in the top left panel, the galaxies of the additional sample in the top right panel, the 
dE(di)s from Paper I in the bottom left panel, and the remaining dEs (excluding dE(bc)s and dE(di)s) in the bottom right panel. Only 
galaxies with certain cluster membership arc included. The vertical dotted line marks the value of t>h e ii = 1248 km s _1 , which is the 
median value of all 194 available velocities for early-type dwarfs. The data are shown as running histogram with a bin-width of 366km 
s _1 , corresponding to the semi-interquartile range of these 194 velocities. Numbers in brackets are the number of galaxies included in the 
respective panel. Beyond the last data point on each side, the histograms are plotted with dotted instead of solid lines 



